I. INTRODUCTION

D
URING the past decade, single-mode optical fiber Bragg gratings (SM-FBGs) have been used for strain and temperature sensing in many applications such as structural monitoring, down-hole and hazardous environments. Recent research work has been reported on a differential-pressure (DP) flow sensor using SM-FBGs for hydraulic valve monitoring applications [1] . However, using SM-FBGs in the application of an optically-powered hydraulic valve monitoring system is not really appropriate [2] , [3] . This is because the system must utilize only one optical fiber for both optical power transmission and for sensing. The optical fiber transmits power from a laser source into the optically powered hydraulic valve at the remote end of the fiber. It is also used for feeding the valve operation information back to the valve monitoring system via the same fiber, as shown in Fig. 1 ; the optical fiber link might be 4 km in length. The other reason is that it is difficult to launch high optical power into the single-mode optical fiber due to its small core diameter. Therefore, a multimode optical fiber Bragg grating (MM-FBG) is more suitable due to its larger core diameter. A particular advantage of this configuration is that no optical fiber coupler is required at the valve end, and this makes the system less complex and minimizes optical power loss. The early use of MM-FBGs was reported by Wanser et al. [4] , [5] . Microbending was used to disturb the mode population in an optical fiber through mode coupling before passing the light to the MM-FBG. A similar approach using the bending effect on a transmission spectrum of the MM-FBG for displacement sensing was introduced by Mizunami et al. [6] , [7] . However, these sensing techniques require mechanical parts and are therefore more complicated than conventional SM-FBGs. The use of MM-FBGs for both strain and temperature sensing by using the same method as used with a Bragg grating in a single-mode fiber is also possible [8] , [11] .
Changes in optical signals obtained from a multimode optical fiber can be caused by changes in both strain and temperature. Significant variation in these signals can be noticed from the amplitude-wavelength signature by number of peaks, peak values and signal distortions, but it is difficult to pinpoint the amount of wavelength shift that is proportional to strain or temperature changes.
In this paper, a method of using correlation signal processing to quantify variation of wavelength shift caused by altering strain or temperature is reported. Advantages of using this method include minimizing the effect of variation in signal amplitude and shape of the MM-FBG amplitude wavelength spectrum, and reducing the effect of noise. Tests have been performed to compare the characteristics of the two MM-FBG sensors for axial strain measurement and for the temperature measurement. The effect of temperature on strain sensing has also been investigated.
II. BASIC SCHEME
Two MM-FBGs fabricated in 62.5/125 m graded-index silica multimode fiber have been tested using the same experimental setup (Fig. 2) . The first MM-FBG was fabricated by the holographic technique without buffer coating, while the second MM-FBG sensor was fabricated by the phase mask technique with acrylate buffer recoating. The reflectivity of the first and second MM-FBGs is approximately 35% at peak wavelength of 835 and 859 nm, respectively. In the experimental setup, one end of the MM-FBG was connected to one of the output fibers of a 50:50, 2 2 multimode optical fiber coupler. The other end of the MM-FBG and the output end of the coupler were placed in index matching gel. At the input end of the coupler, one optical fiber was connected to a light source and the other optical fiber fed a sensing signal to an optical spectrum analyzer (Anritsu MS99A). The spectrum of the reflected signal from a Bragg grating in a multimode optical fiber is very different for different light sources [7] . For example, using a halogen lamp high multimode excitation occurs, and this results in more multiple peaks and a wider spectrum of reflected signal than occurs for the lower order mode excitation light sources such as laser diode, LED, and super-luminescent diode (SLD). For graded-index MM-FBGs, the propagation constant for the th principal mode can be approximated by the equation [7] (1) where is the propagation constant at the phase-matching condition , the grating period, the Bragg wavelength, refractive index of the core, normalized frequency , the fiber core radius, the fiber numerical aperture, and the maximum relative index difference between core and cladding of the fiber. To achieve a low complexity of MM-FBG signal, the SLD with a single-mode optical fiber pigtail, providing 0.5 mW of light power at wavelength 849 nm, was selected for the experiments.
To investigate the strain characteristic, axial strain was applied to the fiber using a fiber fixture/drawer. The axial strain was varied from 0 to 1000 by adjusting an accurate micrometer. The strain characteristic for the first-order mode of the MM-FBG is similar to that in a conventional SM-FBG strain sensor [8] . The Bragg grating resonance peak wavelength shift may be expressed by the Bragg equation [8] - [11] (2)
where is the Bragg grating wavelength shift, the applied strain, the effective photoelastic coefficient 0.22 , and the Bragg grating center wavelength.
The thermally induced shift in the FBG is caused by variation in the period of the grating and by variations in the reflective index of the core and cladding. Temperature dependence of the MM-FBGs can be estimated from a complex mathematical model [6] (3) where is the refractive index of the core, the refractive index of the cladding, the fiber core radius, the grating period, and the FBG wavelength. The for silica core and for silica cladding of the fiber have a value 1 10 C. The thermal expansion coefficient has a small value of 0.55 10 . A temperature test has been performed by placing the MM-FBG in a temperature-controlled chamber; the temperature was varied between 40 and 80 C.
For the signal-processing scheme, a personal computer (PC) with data-acquisition software has been employed to control and correct data from the optical spectrum analyzer obtained via an IEEE-488 data bus. The signal acquisition takes about 2 s, and the autocorrelation and cross-correlation signal processing used to analyze the data from the MM-FBG can be done in less than 1 s by using a special signal-processing feature in the software. The cross-correlation between two data sequences each containing data points can be written as [12] (4) where is the first data sequence and the second data sequence. The result of correlation is solely dependent on the number of data points (400 points for the spectrum analyzer used).
Data processing for the strain measurement is performed by processing the MM-FBG spectrum (scanned by the optical spectrum analyzer), initially using zero strain, to provide a reference pattern . The raw reference data is kept in the memory of the PC and is processed by the autocorrelation method [ Fig. 3(a) ]. The output from the auto-correlation is used for the correlation strain reference , and this is also put into the PC memory. Then, scanning data is processed for a particular value of applied strain. This strain data is processed by doing the cross-correlation with the reference data . The result of the cross-correlation is used to compare with the correlation strain reference . The distance between maximum points of each result, (where is the data index number point at the maximum value of a correlation result) can be converted into the MM-FBG wavelength shift information. The information from the temperature-dependent test has been investigated using the same method [ Fig. 3(b) ]. The reference signal pattern, , for the temperature test was set at a temperature of 30 C.
III. RESULTS
The reflected spectra of both MM-FBGs with zero strain at room temperature are shown in Fig. 4(a) , the holographic MM-FBG, and (b), the phase-mask MM-FBG. Six propagation modes can be implied by noticing the number of peaks of the raw signal (six peaks). The first mode of each MM-FBG can be identified by the highest peak value, at the wavelengths 835.5 and 859.1 nm for the first and second MM-FBGs, respectively. The spectra wavelength width is approximately 2 nm. The signal obtained from each MM-FBG includes noise, but provided this is not greater than the largest signal peak, the wavelength shift will be determined by the correlation process.
Typical computer screen outputs for correlation signal processing are shown in Fig. 5 . Strain measurements at constant ambient temperature were made as shown in Fig. 5(a) . The relationships between MM-FBG wavelength shift and axial strain at room temperature for both MM-FBGs are shown in Fig. 6 . As can be seen, there is a reasonably linear relationship. In the experiment, the strain was altered and the reflection of the spectrum measured. The strain coefficient was estimated to be 0.6 pm . This value is comparable with that obtained for conventional Bragg gratings in single-mode fibers. The experimental strain sensitivity for the MM-FBG is 0.55 pm , which is consistent with the estimated value. The repeatability for each strain measurement point was 0.02 nm wavelength shift (determined by the spectrum analyzer). Hysteresis was small [ Fig. 6(b) ]. Fig. 7 illustrates the relationship between Bragg grating spectrum wavelength shift and temperature for both of the MM-FBGs. In this experiment, the temperature was varied from 40 to 80 C at constant strain and signal processing and measurement made as shown in Fig. 3(b) . The average temperature sensitivity (between 40 and 80 C) of the first FBG is 6.8 pm C, which is compatible with the predicted value of 7 pm C, but the relationship is nonlinear. The repeatability for each temperature measurement point was found to be within a wavelength shift of 0.03 nm range. For the second FBG, the average temperature sensitivity is approximately 6 pm C, which is lower than the predicted value. This may be caused by the buffer coating that could reinforce the fiber and affect the fiber expansion characteristic.
The MM-FBG strain sensitivity to temperature has been investigated by using the second MM-FBG. Axial strain was applied to the fiber using a fiber fixture/drawer that was located in a temperature-controlled chamber. The axial strain was varied from 0 to 1000 by adjusting the micrometer and the temperature was varied from 20 to 80 C. The results are shown in Fig. 8 , with an average temperature coefficient of approximately 7 pm C, agreeing with the value from the previous test at zero strain.
IV. DISCUSSION AND CONCLUSIONS
The method of signal processing using correlation has the major advantage of providing an output for the MM-FBG sensor that is not critically dependent on the power level of the signal, as presented in Fig. 5 . A fairly linear characteristic has been obtained for tensile strain from 0 to 1000 . The strain sensitivity from the experimental result is in agreement with the estimated value obtained from the SM-FBG mathematical model. The two MM-FBGs, one fabricated by holographic and one by phase mask methods, provided similar strain characteristics, and there was little effect caused by the fiber buffer coating. The temperature characteristic is somewhat nonlinear due to the changing with temperature of many parameters, such as fiber diameter, MM-FBG grating pitch, and reflective index difference between core and cladding of the fiber. However, the average temperature sensitivity of the first MM-FBG, from the experimental result is very close to the predicted value. The second MM-FBG provided slightly lower temperature sensitivity than the predicted value due to the effect of the fiber buffer coating. The strain test at various temperatures provided results in agreement with the previous results. The multimode Bragg grating sensor systems described in this paper are being applied in a power-by-light hydraulic valve monitoring system. The correlation processing method employed may be utilized for MM-FBG optical sensing of many other physical parameters such as pressure and flow-rate.
